Abstract: Operating a crane is a complex job, which requires not only the experience of the operator, but also sufficient and appropriate realtime support to conceive and react to the environment. To help the crane operator, crane pose estimation is necessary to predict potential collisions. Environment perception technologies are essential to update environment information. Location data of the components of the cranes should be used to calculate the pose of the crane that can be used for collision avoidance. This paper aims to investigate how to collect and efficiently process the location data in near real time using ultra wideband (UWB) technology for providing intelligent support to crane operators. First, the requirements of using UWB technology in construction sites to track crane movements are defined. Then, the details of the UWB system setting method are investigated to decide the location of sensors and the number and location of tags attached to different components of a crane. A location data processing method is proposed to improve data quality by filtering noisy data and filling in missing data in near real time. An outdoor test is presented to demonstrate the feasibility of applying the proposed approach. Location data of a crane boom are collected and processed in near real time. The results of the test show a good potential to calculate the poses of crane booms using UWB real-time location system (RTLS).
Introduction
Previous research has indicated that machinery-related incidents were the fourth leading cause of traumatic occupational fatalities in the construction industry between 1980 and 1992, resulting in 1,901 deaths (2.13 deaths per 100,000 workers) (NIOSH 2007) . The same research has indicated that the construction equipment most frequently associated with fatalities are cranes (17%), excavators (15%), tractors (15%), loaders (9%), and pavers (7%). In 2006, there were 72 crane-related fatal occupational injuries in the United States (Bureau of Labor Statistics 2008). In Canada, there were 56 accidents related to cranes in the province of British Columbia in 2006 (WorkSafeBC 2010 ; and during the period of 1974 to 2002, there were 23 accidents with injuries, 26 accidents with death, and 13 accidents with material damage related to cranes in Quebec province [Commission de la santé et de la sécurité du travail du Québec (CSST) 2010]. Furthermore, crane accident statistics are limited because typically only deaths and injuries are reported. Property damage incidents are usually not reported; however, the seriousness of a crane accident is self-evident (Task Committee on Crane Safety on Construction Sites 1998). It is estimated that one crane upset occurs during every 10,000 h of crane use. Approximately 3% of upsets result in death, 8% in lost time, and 20% in damage to property other than the crane. According to Beavers et al. (2006) , mobile cranes represented over 88% of the fatal crane-related events. These data suggest that more emphasis should be put on the operation of mobile cranes.
The present paper is part of a research program for developing a multi-agent system (Zhang et al. 2009a (Zhang et al. , b, 2010 AlBahnassi and Hammad 2012 ) that aims to improve construction safety by providing intelligent assistance, such as giving alarm to operators and workers, and replanning the path of a crane when a potential collision is detected. The system integrates real-time location systems (RTLSs), path planning and replanning algorithms, and multiagent communication and negotiation. The present paper focuses on the requirements and issues related to the collection of accurate data in near real-time and processing the data into information that can be used for collision avoidance and path replanning. The objectives of this paper are (1) defining an extended set of requirements of ultra wideband (UWB) RTLSs for construction sites, mainly for tracking crane boom movement; (2) investigating a setting method for a UWB system, such as the location and number of sensors and tags, to fulfil the requirements; (3) proposing a method for processing sensed location data into information that can be used for near real-time decision support systems; and (4) testing the proposed approach in a detailed case study. This paper is organized as follows. The next section reviews UWB tracking technology. After that, the methodology of applying UWB RTILS on construction sites is described, which is followed by a case study. The last section has the conclusions and future work. and workers, to mitigate safety risks. The most popular tracking technology used on construction sites is the global positioning system (GPS), which is widely used in construction, mining, surveying, and infrastructure projects. For example, in earthmoving projects, GPS and total station technology are used to accurately position the blade of the excavator in real time, significantly reducing material overages and dramatically improving contractors' productivity and profitability (Trimble GCS900 2010) . However, GPS requires direct line-of-sight from the satellites to the receiver, and accurate GPS receivers are expensive to install on every moving object on site.
On-board instrumentation (OBI) has been used to collect data about the equipment configuration (Navon et al. 2004 ). However, not all cranes are equipped with OBI, e.g., older types of cranes and cranes with small capacity. Furthermore, even when the OBI is available, it only provides the kinematic geometry of the cranes without the location relative to other objects. Therefore, this information cannot directly be used for collision avoidance. Other tracking technologies have been applied in several research projects, such as infrared, optical, ultrasound, and radio frequency identification (RFID) technologies. Chae and Yoshida (2008) discussed collecting data on site using RFID active tags to prevent collision accidents. BodyGuard-Vehicle Proximity Alert and Collision Avoidance System (Orbit Communications 2008) is an RFID-based system that offers continuous detection and notification of proximity between moving objects and other moving or fixed objects by setting up protection zones around a vehicle, equipment, and buildings to offer continuous protection for valuable resources. However, RFID can give only approximate locations.
Recently, RTLSs have been applied in construction to track moving objects. Ward (2007) compared different location technologies, such as passive RFID, electromagnetic, laser, ultrasound, infrared (IR) proximity, conventional radio frequency (RF) timing, UWB, wireless local area network (WLAN), received signal strength (RSS), and assisted GPS (A-GPS). This comparison was carried out based on the accuracy and the coverage offered by each technology to identify the ideal technology. The result showed that the UWB can provide a relatively high accuracy with coverage of approximately 100 m or more depending on the signal strength of the tags.
UWB Technology
UWB can transmit large amounts of digital data over a wide spectrum of frequency bands at very low power (less than 0.5 mW) (Ghavami et al. 2004) . It should be noted that UWB is a special kind of RFID. With conventional radio frequency, reflections in congested environments distort the direct path signal, making accurate pulse timing difficult, whereas with UWB, the direct path signal can be distinguished from the reflections, making pulse timing easier. The accuracy of the UWB system applied in construction can reach 10 cm (Cho et al. 2010 ). The range of some available commercial UWB systems is up to 300 to 500 m.
A UWB system consists of several sensors and multiple tags. The master sensor receives and synchronizes the timing data from the other slave sensors. Each tag registers with its containing sensor cell, and is inserted into the schedule for that cell. When a tag emits a signal, this signal is picked up by one or more sensors in the cell. The slave sensors decode the UWB signal and send the angle of arrival and timing information back to the master sensor through an Ethernet connection. The master sensor accumulates all sensed data and computes the location based on trilateration. In some UWB systems, the trilateration is based only on time difference of arrival (TDOA) and the angle of arrival (AOA) technique is not used.
Related Research Using UWB
Researchers have started to investigate the usability of UWB on construction sites. For example, Teizer et al. (2008) attached an UWB tag to the hook of a crane to track the position of the hook. Construction Metrology and Automation Group (CMAG) has been measuring the performance of UWB tracking technology in construction (Saidi and Lytle 2008) . indicated that UWB behavior is rather constant during most parts of the construction progress. They noted that in an open area, tests confirmed an accuracy of approximately 30 cm. They also discussed a safety management system that gives an alarm when a worker is approaching a static, known dangerous area. Teizer et al. (2010) proposed using UWB for proactive safety, which works in real time to alert personnel of the dangers occurring, and reactive safety, which collects data to be analyzed to determine the best practices and to make process improvements. Carbonari et al. (2009) proposed a safety management system for tracking workers' trajectories to prevent accidents. Cho et al. (2010) discussed error modeling for an untethered UWB system for construction indoor asset tracking. On the basis of their experiment, elevated tags give a better lineof-sight path between the tags and the sensors, and the average accuracy is 17 cm, whereas the tethered system gives 10 cm accuracy in open space. They have concluded that the accuracy seems sensitive mainly to the location and facing angle of sensors, which affect the chance of having a line-of-sight transmission path from mobile tags.
However, previous research did not investigate the requirements of using UWB RTLSs for estimating the pose of cranes or other construction equipment, which is necessary for accurate collision avoidance. For example, tracking only the hook of a crane is not enough for collision avoidance. Raw location data of individual tags should be processed to produce the pose of a crane. Furthermore, the setting of the sensor's location and orientation and the number and location of tags should be investigated in detail to get more visibility of tags and less noisy object locations.
Methodology of Using UWB RTLS for Crane Pose Estimation
The present paper focuses on UWB data collection and processing to detect the poses of the crane boom in near real time. First, the requirements of using UWB technology in construction sites to track crane movements are defined. Then, the details of the method for the UWB system setting are investigated to decide the locations of sensors and the number and locations of tags attached to different components of a crane. Finally, a method for processing UWB data for pose estimation is proposed.
UWB RTLS Requirements
On the basis of the literature review and experimentation with one UWB system, the following requirements are identified to realize the proposed approach: accuracy, visibility, scalability, real time, tag form factor, power, and networking requirements.
1. Accuracy requirement. Accuracy is the most important requirement to guarantee that valuable data are collected. Angle of arrival (AOA) and time difference of arrival (TDOA) can be used in UWB RTLSs to locate tags based on trilateration. To gain accurate location data, calibration of the sensors is essential. Data filtering should be applied to reduce errors in near real time and to improve the accuracy. 2. Visibility requirement. The sensors should be set in a way to utilize their field of view (FOV) in both the azimuth and the elevation. A reasonable monitoring area should be defined within these ranges considering the coverage of the sensors. If the area to cover is big, more sensors should be installed to form multiple cells. In addition, multiple tags attached to the same object should be considered as a way to improve the visibility of that object by increasing the probability of detecting these tags. 3. Scalability and real-time requirements. Because in some commercial UWB systems there is only a single UWB channel used in time division mode, only one tag can be located at a time in each sensor cell. For the system used in the present research (Ubisense 2009), which has a nominal cell frequency of R ¼ 160 Hz, 1 s is divided into 153 time slots. Each slot has a duration of 6.5 ms. Different slot intervals can be selected in the system to determine how often the tags' locations are updated, i.e., how often the system listens for data and schedules messages from the master sensor. The shortest slot interval can be set to four slots, which means the update interval is 26 ms, corresponding to a maximum update rate per tag of approximately 38 Hz with four or less tags in the cell (Ubisense 2009). With a large number of tags in a sensor cell, the update rate of tags will decrease to allow the system to cover all tags with the fixed total number of time slots. For example, if the time slot is set to four and only four tags are in the cell, the four tags are updated every 26 ms (38 Hz). When more tags are detected in the cell, e.g., eight tags, the update rate is decreased to 19 Hz. The more tags in the system, the bigger the required slot interval and the lower the update rate. Fig. 1 shows how the system assigns updates for four tags with a slot interval of four time slots. One consideration when setting the update rate is the moving velocity of the object. Objects with high velocity need more frequent updates to accurately track their traces. Therefore, it is essential to select a suitable number of tags with an appropriate update rate based on their velocity in order to achieve the balance between the conflicting requirements of visibility and accuracy in near real time as discussed in the subsection Number of Tags and Update Rate. 4. Tag form factor. Even if the basic functionality of the tags is the same, tags come with different form factors. Some tags are specifically designed to be worn by a person as a badge; others are ruggedly designed to be attached to objects in a harsh environment. 5. Power requirement. The sensors must be connected to a stable power source for precision measurements. Tags require a battery, the life of which depends on the update rate established for the system. The tag's update rate can be dynamically and automatically varied depending on the activity of the tag. If the tag moves quickly, a high update rate can be assigned for best tracking; if it moves slowly, the update can be reduced for best battery lifetime. When stationary, a tag goes into sleep mode to conserve power, and an in-built motion detector ensures that the tag transmits again as soon as it is moved. 6. Networking requirement. The sensors can be connected by cables or wirelessly to the location server. Both data cables and timing cables are needed for a wired system. The length of the cables should not exceed the maximum length recommended by the manufacturer to avoid noise problems (Ubisense 2009). As explained earlier, AOA and/or TDOA can be used in UWB RTLSs to locate tags. In some commercial UWB systems, only TDOA is available, which requires connecting the sensors with timing cables to accurately measure the TDOA between sensors. The AOA technique does not require cabling, and the data communication between sensors can be done wirelessly. Therefore, the wireless UWB system depends only on AOA calculations because wireless communication is not fast enough to support TDOA calculations. The choice of the type of the network (wired versus wireless) has a direct impact on accuracy (Cho et al. 2010 ). In some construction sites where cables are not desirable (e.g., narrow work zones along highways), the wireless solution is preferable. However, the choice of the type of the network (wired versus wireless) has a direct impact on accuracy (Cho et al. 2010 ). There are only a few commercially available UWB systems, and each of them has certain advantages and limitations. For example, the system used in the current research supports both TDOA and AOA but suffers from limited update rate that will affect the scalability of the system. Other systems have higher update rate but they support TDOA only (Saidi et al. 2011) , which may limit their applicability in tight construction sites where cables between sensors may disturb the construction work. The full comparison of these different systems is beyond the scope of the current paper.
UWB System Settings for Satisfying Requirements
To satisfy the previously discussed requirements, the UWB system setting method has been investigated in the present section to track the movement of a hydraulic crane boom on construction sites.
Sensor Coverage
In a typical setting, the four sensors of a cell are usually located at the corners of a rectangular monitoring area at a high position facing down toward the center of the area. In the case of monitoring the movement of a large hydraulic crane, the sensors should be fixed at a high position using tripods, and their pitch angle should be adjusted to cover all the tags attached to the crane, as shown in the upper set of sensors in Fig. 2 . In this case, a second cell could be necessary to monitor workers working on the ground because tags attached to them may not be detected by the upper cell because of obstruction by the crane or the limited FOV of the sensors. This two-cell setting to monitor the same area at two elevations is needed in sites where a large vertical coverage is needed. However, in other cases, using only one cell at the ground level is suitable. In this case, the pitch angle of the sensors should be set to cover all the tags on site.
To specify rules for assuring sensor coverage for monitoring hydraulic cranes, two extreme scenarios of lifting can be considered:
(1) an extended long boom with a large angle to the ground, e.g., lifting objects from the ground to a destination with large height; and (2) an extended boom with a small angle to the ground, e.g., lifting with vertical spatial constraints. The latter scenario can be illustrated in the case of truss bridge deck replacement projects, where prefabricated deck panels should be lifted from a trailer with spatial constraints from the truss structure (Hammad et al. 2007 ). To cover all the possibilities of the lifting tasks and onsite constraints, this study consider a general case where the maximum length of the boom and the maximum height of its tip can be adjusted as necessary to fit the actual case. Fig. 3 shows a twodimensional (2D) projection of a sensor facing a crane. The sensor having a vertical FOV of AEβ is mounted on a tripod at a height H s with a pitch angle of θ. The areas out of the FOV are not covered by this sensor but can be covered by other sensors in the same cell. The working range of the crane should be considered to decide the appropriate position and the orientation of the sensors based on the maximum boom length and maximum tip height.
The horizontal distance between the sensor and the base of the boom L should satisfy the following condition:
where L b can be simplified as the maximum boom length L max when the boom is almost horizontal. The height of the sensor H s should meet the requirement of covering the height of the boom tip H b :
H b is based on the maximum angle to the ground of the boom according to the working range of the crane. In an extreme scenario, H b can be replaced by the maximum height of the boom H max . On the basis of these conditions, a set of L, H s , and θ can be defined to improve the coverage of the sensors. In practice, the system setting will start by assuming the initial values for H s and θ and the value of L will be the larger of the two values calculated from inequalities (1) and (2). Furthermore, the size of a cell should satisfy the conditions of the maximum range of the UWB system and the length of the data and timing cables used for networking between the sensors as explained in the networking requirement. Simulation software (Autodesk Softimage 2010) is used to visually check the sensor coverage with respect to tags attached to the crane before the actual setting on site of the UWB system.
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Number of Tags and Update Rate
To meet the scalability and real-time requirements and to maximize the update rate for the UWB system, one heuristic rule can be defined as follows based on the scheduling patterns of the system (Ubisense 2009):
where m = number of tags in the cell; n = minimum value that meets the inequality; and 4 × 2 n = time slot interval that should be set. For example, if there are 10 tags in the cell, the minimum value of n is 2; therefore, the time slot interval should be set to 16 (i.e., the maximum update rate for each tag is 10 Hz).
If a specific update rate is required, another heuristic rule is defined as follows:
where R and r = update rates of the cell and the tags, respectively. For example, if an update rate of r ¼ 8 Hz is required for the tags in a 160-Hz system, the maximum value of n is 2, and the time slot interval can be set to 16. According to inequality (3), a maximum of 16 tags can be used in the system to obtain this update rate. Similar inequalities can be derived for other UWB systems.
As previously described, r should be set according to the velocity of the objects. For example, in the case of tracking a crane boom, if the velocity of the tip of the boom is 0.6 m=s, with a UWB system that has an accuracy of 15 cm, at least 4 Hz is needed to update the location of the boom's tip to avoid potential collisions.
Location of Tags
In the case of monitoring the movement of a hydraulic crane, multiple tags should be attached to its different components to identify its poses. Tags can be attached to the base of the first part of the boom and its tip for easy installation and to avoid damaging the tags. Fig. 4 shows a schematic boom with three sets of tags (S 1 ,S 2 ,S 3 ) attached to it. Each set S i includes four tags (Tag ) fixed on each side of the boom. This redundancy improves the visibility of the tags attached to the boom by the sensors when the boom rotates. The approximate location of the center point of a cross section P i 0 can be calculated by averaging the locations of all or some of the four tags of set S i . The orientation and the length of the boom can be obtained by connecting the two axis points P 1 0 and P 3 0 . The purpose of having an additional set of tags S 2 is to get a third point P 2 0 on the axis of the boom so as to increase the accuracy by having more points along the axis, thereby allowing for the interpolation of the line representing the axis. Fig. 4 also shows the pictures from the outdoor test, which is introduced in the subsection Removing Noisy Data and Filling in Missing Data.
Other Settings
The power of the sensors is supplied by a power over Ethernet (POE) switch. Timing cables are used to connect the sensors to synchronize the signals from a tag to different sensors. The sensors are calibrated using a tag as a reference point with a known position. Compact tags are selected in the present research because of their omni-directional antennas and rugged design, which make them more suitable for the tests with cranes. Compact tags are specially designed for use in harsh industrial environments and include several advanced features: an LED for easy identification and a motion detector to instantly activate a stationary tag. The sleeping mode of the tags is disabled to ensure continuous monitoring.
UWB Data Processing Method for Pose Estimation
To improve data quality and compute the pose of an object in near real time, the following steps have been applied for data processing, as shown in 1. The tags are identified by IDs and grouped according to their geometric relationship with respect to the objects they are attached to (e.g., tags attached to three sections of the boom).
To approximately synchronize the locations of different tags, a small time period T is defined according to the actual update rate r of a tag. T should be big enough to capture at least one reading of each tag in the UWB cell and small enough for near real-time applications. 2. Readings of each tag are filtered within time t j according to some heuristics, e.g., checking if the location of a tag attached to an object is outside the expected area or outside the expected height range. Another heuristic rule is checking the patterns of movement of the object. For example, assume that the maximum expected velocity v max of an object is known and that the measured velocity based on the distance between the past captured location p t j−1 i
of Tag i at time t j−1 and the new one p t j i is out of range. This condition indicates that p t j i has an accuracy error and should be eliminated. Other heuristic rules can be applied based on the specific constraints of the movement of tags, such as the acceleration of movement. 3. Missing data for each tag are calculated using extrapolation according to the tag's previous locations, assuming that the object is moving with a known velocity. 4. If more than one location is captured for the same tag within T k , these locations are averaged to obtain a single reading for that tag. By doing this, data from different tags are synchronized. 5. After synchronization, another filtering is applied according to geometric constraints of multiple tags attached to the same object. To illustrate the concept, Fig. 6 shows a simplified two dimensional example of the paths of two tags (Tag i and Tag i 0 ) attached to the same object. These paths are parallel with a fixed distance D ii 0 . The figure also shows the traces based on the locations of tags at time T k after averaging. It is noticed that all points P ii 0 is out of range compared with D ii 0 , and P T 5 i 0 has been calculated based on an extrapolated point, there is a higher probability that P T 5 i 0 should be eliminated. 6. Tag 2 1 After filtering, missing data can be calculated based on extrapolation/interpolation of the data of other tags either in the same group or in different groups. For example, in Fig. 4(a) , if the locations of the tags and Tag 3 1 at the upper side of cross sections S 2 and S 3 are known at time t j , the location of Tag 1 1 in cross section S 1 can be calculated by extrapolation provided that the length of the boom does not change. 7. Locations of multiple tags in the same group are averaged (e.g., averaging the locations of the tags shown in Fig. 4(b) to get the center point of the cross section). 8. The pose of the object is calculated according to the positions of the tags to which it is attached. For example, the pose of the boom can be found according to the calculated center points on the axis of the boom. This pose is used for near real-time motion replanning.
Case Study
Several lab, indoor, and outdoor tests have been applied using the proposed approach. One of the outdoor tests has been selected to demonstrate the applicability of the proposed approach. The other tests showed similar results. The test was done on the yard of a crane company on December 4, 2009, using a TMS300 crane (GUAY 2010). The UWB system has a norminal update rate of 160 Hz. The test was designed in detail, including the sensors' locations, tags' locations, cables' connections, system calibration, data filtering, and task description. An information filter is used in the system; details can be found in Ubisense (2009) manual. Furthermore, several indoor tests were applied in advance to test the stability of the UWB system, the influence of the magnetic mounts of the tags, etc. The following sections describe the settings of the outdoor test following the discussion in the subsection UWB System Settings for Satisfying Requirements.
Sensor Coverage
In this outdoor test, where the focus is on the crane, only four sensors at the ground elevation are deployed by adjusting the pitch angle to capture the boom movement, while satisfying the inequalities described in the following subsections. The FOV of the sensor is α ¼ AE 90°in the azimuth and β ¼ AE 50°in the elevation. The yaw angles of the sensors were adjusted to face the center of the area. The pitch angle and height of the sensors were approximately set to θ ¼ 20°and H s ¼ 1.5 m, respectively. The maximum 5 m) , and the minimum and maximum angles to the ground of the boom are 10°and 80°, respectively. On the basis of the working range of the crane, when the boom is fully extended and reaches the highest point, the corresponding H max ¼ 120 ft (36.58 m), and L b ¼ 20 ft (6.10 m). According to inequality (1), and taking L b ¼ 110 ft (33.5 m), L should be greater than 36.1 m. According to inequality (2), to cover the maximum height of the boom tip, L should be greater than 18.86 m. By using the virtual crane model in Softimage, it was possible to verify that the tag at the tip of the boom was within the FOV of the sensors.
At the site of the test, the actual pitch angles of the sensors were in the range of 20°to 26°, and the heights of the sensors were in the range of 1.45 to 1.67 m. Because of the limitations of the yard dimensions, which are approximately 18 by 22.5 m, the crane is positioned in a way to make L equal approximately 21 m. However, this does not satisfy inequality (1). Therefore, it can be found using the same inequalities that the maxim length of the boom and the height of its tip should be approximately 18 and 10 m, respectively. On that basis, the operator of the crane was asked to limit the extension of the boom and the angle to the ground to stay within those limits. Fig. 7 shows the setting of the sensor cell for this test with the timing and data cables and the locations and yaw angles of the four sensors. The cables between the master and slave sensors are outdoor industrial cables that are set to form a U shape to leave an opening for equipment to enter the monitored area and to reduce the disruption of the work. It should be noted that in actual construction sites, the cables should be laid near the peripherals of the site following safety regulations. A car was positioned as an obstacle on the moving path of the lift.
Tag Settings
Twenty-two tags were attached to the crane body, with three sets of tags (12 tags) attached to the boom, as proposed in Fig. 4 . Other tags were attached to the outriggers, operator cab, hook, and lifted object. Moreover, four tags were attached to the hard hats of two workers (two tags on each hard hat) to track their movements on site. Fig. 8 shows the tags attached to different objects.
To test the scalability of the UWB system, which has a high cell update rate of 160 Hz, the writers kept 48 additional tags in the same area so that the total number of tags in the cell was 74. According to the inequality (3) introduced in the subsection Number of Tags and Update Rate, the time slot interval should be set to 128, where the update rate is 1.2 Hz for each tag according to inequality (4) By observing the collected data, it was found that the actual update rate was approximately 2 Hz. Therefore, in this test, the syncronization of multiple tags was based on T ¼ 500 ms. An information data filter provided by the UWB system was used to improve the accuracy with a motion model of position and Gaussian noise on position (Ubisense 2009).
The total duration for the outdoor test was approximately 2 hours, including the system configuration, measurement, calibration, moving the crane into the monitored area, and collecting data during the crane operation. The task given to the crane operator was to lift an object from one place to another by swinging and raising up the boom while avoiding the collision between the object and the car (Fig. 9) .
During the lifting, the length of the boom and the length of the cable were fixed. A part of the raw data collected in the test is shown as traces in Fig. 9(b) . The tags shown in three cross sections are Tag 
Data Analysis
The tags attached to the upper side of the boom had very good visibility and less noisy data compared with those attached to the bottom and the sides of the boom, which had a large number of missing points and noisy data. The raw UWB data were processed following the steps explained in Fig. 5 to get the poses of the boom. However, because of the low update rate (2 Hz) and the large amount of missing data, some steps were not always applicable (e.g., averaging or extrapolation at a certain time period). Nevertheless, the redundancy provided by having multiple tags on the boom made it possible to calculate the poses of the boom based on the traces as shown later in this paper. 
Visibility Analysis
As mentioned before, 22 tags were attached to the crane and four tags were attached to the hard hats of workers. Within the recording time of 36 s, which was the duration of the lifting task, location data of all the tags were captured with different update rates, as shown in Table 1 ) received fewer updates compared with other tags in the same cross section. This could be explained by radio signal reflections on the truss, as shown in Fig. 4 . Tags attached to the cab also showed bad visibility because the rotation of the cab prevented the direct line-of-sight from two sensors. All the four tags attached to the hook had excellent visibility. Tags attached to the lift object had bad visibility that may be explained by the lack of direct line-of-sight. One tag attached to the left outrigger had good visibility.
Accuracy Analysis
The accuracy used in this study is defined as the difference in distance between a known position and position captured by the UWB system. The location of two static tags on the two outriggers were analyzed to reveal the accuracy of the system based on the measured locations of these tags. These locations were measured with a tape using five measurements with averaging. The differences between the average and the individual measurements were less than 5 cm. Table 2 shows the mean difference and the standard deviations in three directions of these data. The accuracy of the data collected for these two tags is approximately 25 cm. The tag on the left outrigger has more readings than the tag on the right outrigger (74 versus 34 readings, as shown in Table 1 ), thereby contributing to the more accurate results of the left tag.
Removing Noisy Data and Filling in Missing Data

Example of Filtering Readings of Tags Based on Heuristics
On the basis of the steps defined in Fig. 5 , errors have been identified and eliminated in near real time. After identifying tag IDs on different crane components, the heuristic of the maximum expected velocity v max can be set for specific tags. On the basis of the our observation, the average velocity of tags in cross section S 2 of the boom is approximately 0.5 m=s. By adding the UWB system error, which is approximately AE30 cm in all readings, v max used to filter the UWB readings in near real time for tags in S 2 is set to 1.5 m=s. Taking Tag   2 3 as an example, there is a sudden movement in the Z direction at t 24 , as shown in Table 3 and Fig. 10 , and the velocity of Tag 2 3 is calculated as 4.53 m=s, which by far exceeds v max . Therefore, the reading at t 24 is rejected and replaced by a location calculated based on extrapolation according to the Δ value in each dimension (X, Y, and Z). The purpose of calculating the difference in each dimension individually is that the accuracies in these three dimensions are different, and based on these observations and those of Muthukrishnan and Hazas (2009) , the accuracy in the Z dimension is lower than those in the X and Y dimensions. The average Δ value (μΔ) and the standard deviation (σΔ) are calculated according to previous data history during the last 5 s. Only points with a Δ in any of the X, Y, Z dimensions that are out of the range of [μΔ − 2σΔ; μΔ þ 2σΔ] are corrected in those specific dimensions using extrapolation from two previous points. This range contains 95.44% of the data assuming that the differences follow a normal distribution (Allen 2006) . As shown in Table 3 Extrapolation is done based on the location data at t 22 and t 23 for those two dimensions (Y and Z). It should be noted that the information filter used for all the tags in the Ubisense system always predicts location data based on previous readings; therefore, the data collected for the next time periods (from t 25 to t 31 ) are all affected by the prediction based on errors, and they have to be recalculated by extrapolation similar to the point at t 24 to avoid exceeding v max . This extrapolation results in creating new data as shown in Table 3 . The results are shown in Fig. 10 , where the raw data and the processed data are plotted. The big jump in the Z dimension is eliminated. It should be clarified that by chance the movement of Tag 2 3 during the period between t 24 and t 32 is almost parallel to the X axis and to the X − Y plane, as can be seen in Fig. 15 ; therefore, after correction, the Δ y and Δ z values are close to 0. A flowchart is shown in Fig. 11 to summarize the near realtime data processing for single tags.
Example of Calculating Missing Data Based on Geometric Constraints
The same procedure is applied to Tag 2 1 as shown in Fig. 12 . However, in some cases, missing data occur more than two consecutive times because of radio interference, for example, between t 41 and t 57 , as shown in Fig. 12 . In these cases, repeating extrapolation according to the history of the tag itself may increase the error, which could be detected by checking geometric constraints. As described in Step 5 in the subsection UWB Data Processing Method for Pose Estimation, multiple tags are used to filter errors and fill in the missing data based on geometric constraints of the object. The distance between Tag 2 1 and Tag 2 3 in each time period t is calculated to check if it is within the range of [
, where D ii 0 is 1.6 m and ϵ is 30 cm, resulting in a range of [1.0 m, 2.2 m]. This step has been applied starting from t 42 , where extrapolation is applied four times in a row to fill in the missing data of Tag 2 1 . However, at t 46 , the distance between Tag 2 1 and Tag 2 3 is 2.44 m, which is out of range. Therefore, the location of Tag 2 1 calculated according to extrapolation is not acceptable. In this case, according to Step 6, the data of Tag Processed data of Tag to Tag 2 1 and from Tag 2 1 to Tag 3 1 (3.9 m and 8.4 m, respectively), as shown in Fig. 15. Fig. 12 shows the extrapolation based on the history of Tag Tag 1 1 ) from t 46 to t 56 . From t 57 the system is able to capture the data for Tag 2 1 again. The data of all tags are assumed to be almost synchronized ( Step 4 in Fig. 5 ). However, it should be noticed that in extrapolation based on geometry using two tags on the boom, the small time gaps between different tags can cause problems when the update rate of tags is not high enough. For example, in this test, for tags attached to the upper side of the boom, based on the automatic scheduling of the UWB system in each time period t, the data were captured in the order of Tag As shown in Fig. 13(a) , a point with a large error was captured for Tag 1 1 at time t þ 119 ms; therefore, extrapolation based on Tag 2 1 and Tag 3 1 is applied to calculate the position of Tag 1 1 . The black circles are the location data captured by the system, whereas the solid white circles are the real locations of the tags at specific times, and the dotted circles are the ones calculated according to extrapolation. This figure also shows the traces of Tag Fig. 13(a) , and only for Tag 3 1 in Fig. 13(b) . However, because of the small time gap and the relatively big distance between these three tags (approximately 12.3 m between Tag 1 1 and Tag 3 1 , as shown in Fig. 15 ) during the lifting task, a big offset of the location of Tag 1 1 is expected when applying extrapolation. Moreover, because of the static information filter of the Ubisense system used in this test (with Gaussian noise on position), small movements of a tag are ignored when predicting the next location of the tag. This filtering results in a cluster of almost overlapping points. The use of these data for extrapolation may cause a backward movement of Tag 1 1 , as shown in Fig. 13(b) . As an illustration of this problem, the trace for Tag 1 1 is shown in Fig. 14, which gives the data processed in near real time. Fig. 14(b) focuses on the zigzag shape of the trace and the crossing of the boom poses at times t 5 and t 10 and at times t 20 and t 25 . On the basis of this observation, the continuous extrapolation for Tag 1 1 based on the other two tags may increase errors.
Calculating the Poses of the Boom
As described in Step 7 in the subsection UWB Data Processing Method for Pose Estimation, averaging the data of multiple tags in the same cross section should be applied to get the center points of these sections, thereby defining the axis of the boom. A bounding shape (e.g., a cylinder) to cover these three points at each time period can be created with a suitable buffer according to the cross section dimensions of the boom. This method assumes that the quality of the data of each tag is equal; however, based on the actual collected data, the method of calculating the poses of the boom should be adapted so as to preserve the data of high quality. On the basis of these observation, tags on the top side of the boom have better quality; therefore, the traces of these tags (Tag i 1 ) are used to create the poses of the boom. As shown in Fig. 15 , the three traces show the poses of the boom at different times.
Discussion and Recommendations
The proposed approach and the results of the case study have been presented to engineers and safety experts from two crane companies and the Commission of Work Health and Safety of Quebec (CSST). These engineers and experts provided a positive evaluation of the applicability of the proposed methods in practice.
On the basis of these observations of the UWB tests, the writers suggest the following recommendations for future research: (1) the number of tags in the monitored area should be kept smaller than the maximum number calculated using the two heuristic rules [inequalities (3) and (4) in the subsection of Number of Tags and Update Rate]; otherwise, the update rate of each tag will decrease. To meet the update rate requirement, more cells should be used by dividing the monitored area into smaller areas sensed by different groups of sensors. In this way, the UWB system is capable of reading the tags with the required update rates; (2) regarding the visibility requirement, tags should be attached to the upper and bottom sides of the boom to obtain a better visibility and better data quality. Attaching one tag to the hook is enough. More tags should be attached to the lift object to avoid obstruction of radio signals, and it is better to attach the tags to the top surface of the lift object. Tags should be attached to the top of the operator's cab to achieve better visibility; and (3) The proposed approach of estimating crane boom poses can be used for collision avoidance. Potential collisions can be avoided using the pose information, and the path of the crane can be replanned in a safe way (AlBahnassi and Hammad 2012) . Buffers should be added to the potential obstacles for collision detection. The size of the buffer can be adjusted according to the expected error and the update frequency of the UWB system and to the moving velocity of the crane. Less accurate data, lower update frequency, and higher velocity require selecting a bigger buffer around obstacles.
Conclusions and Future Work
This paper discussed using UWB RTLS in construction sites for monitoring and estimating the poses of cranes. The requirements and system settings for the UWB RTLS are discussed in detail. An outdoor test was applied on a crane with tags attached to different components. The results of the test showed a good potential to use the UWB system on construction sites for crane pose estimation. The conclusions of the present paper are: (1) the requirements of applying UWB RTLS on construction sites have been defined; (2) a method for the UWB system setting to has been investigated to meet these requirements for estimating cane poses. Heuristic rules have been defined to maximize the sensor coverage and to calculate the number of tags used in a sensor cell with the required update rate; (3) a location data processing method has been proposed to improve data quality by filtering noisy data and filling in missing data in near real time; and (4) testing of the UWB system using the proposed methods has been carried out, which has demonstrated that the pose of the crane boom can be estimated in near real time.
The limitation of the proposed data processing method is that linear interpolation and extrapolation are used based on two points only. Further improvement of data processing could be carried out by using curve fitting or other methods based on several previous points. In addition, Kalman filtering combined with geometric constraints (Arras et al. 2003) could be investigated in the future to improve the accuracy of UWB data. Furthermore, research is needed to investigate the cost-benefit effectiveness and the practical issues for deploying UWB technology in construction projects.
